During the development of female mammals, one of the two X chromosomes is inactivated, serving as a dosage compensation mechanism to equalize the expression of X-linked genes in females and males. While the choice of which X chromosome to inactivate is normally random, X chromosome inactivation can be skewed in F1 hybrid mice, as determined by alleles at the X chromosome controlling element (Xce), a locus defined genetically by Cattanach over 40 years ago. Four Xce alleles have been defined in inbred mice in order of the tendency of the X chromosome to remain active: males, we have measured the X chromosome inactivation ratio using allele-specific expression assays of genes on the X chromosome. We have identified regions, both proximal and distal to Xist/Tsix that contribute to the choice of which X chromosome to inactivate, indicating that multiple elements on the X chromosome contribute to the Xce.
INTRODUCTION
In female mammals, either one of the two X chromosomes becomes inactivated during development of the embryo. This random form of X chromosome inactivation (XCI) was first proposed by Lyon to explain the mosaic pattern of X-linked phenotypes observed in coats of various mammals (LYON 1961) . XCI serves as a dosage compensation mechanism to equalize the expression of most X-linked genes in females and males. The steps to random XCI during development of the embryonic lineage are thought to include counting of the number of X chromosomes and choice of which will be active or inactive, followed by initiation, spreading and finally maintenance of the inactive state throughout development (HEARD et al. 1997; WUTZ 2011) . While choice of which X to inactivate is known to be a primary event occurring early in development, when one X chromosome carries a detrimental mutation, preferential inactivation of the X chromosome with the mutation is typically observed (MOREY and AVNER 2010) . This form of skewed XCI is exemplified in human cells and is most likely due to a secondary cell survival effect in choice (AMOS-LANDGRAF et al. 2006; PUCK and WILLARD 1998) . In mice, random XCI is observed in homozygous females carrying X chromosomes from the same genetic background, whereas skewed XCI can be observed when females are heterozygous for X chromosomes from different backgrounds. In contrast to the situation observed in many human females, the process of this skewed XCI in mice is considered to be a primary event in the choice of which X chromosome will remain active (MOREY and AVNER 2010; RASTAN 1982) .
Early studies on various structural anomalies of the X chromosome, including Xautosome translocations (t(X;A)) in both human and mouse cells, led to the genetic identification of the X-inactivation center (XIC/Xic) region (reviewed by Heard et al. (HEARD et al. 1997) ). The XIC/Xic was defined as the region on the X chromosome that contains the elements required for XCI. Within the XIC/Xic, the X inactivation-specific transcript locus (XIST/Xist) was cloned -first in human (BROWN et al. 1991) and then in mice (BORSANI et al. 1991; BROCKDORFF et al. 1991) . XIST/Xist encodes a long noncoding RNA that is exclusively expressed on the inactive X chromosome. Upon XCI, Xist expression is induced on the future inactive X chromosome, where Xist RNA coats the X chromosome and facilitates spreading of inactivation of genes in cis. On the future active X chromosome, Xist is silenced during XCI. In mice, Lee and colleagues identified an antisense regulator of Xist, Tsix, whose product is also a non-coding RNA . Tsix expression represses Xist in cis, and was shown to be involved in the choice process (LEE and LU 1999) . Numerous targeting and mutation studies of Xist and Tsix have shown the requirement for Xist and Tsix expression in regulating XCI (PAYER and LEE 2008) . Notably, however, single-copy transgenes spanning Xist/Tsix and integrated at autosomal loci in male ES cells did not initiate XCI upon differentiation (HEARD et al. 1999) , suggesting that Xist and Tsix alone do not define all of the cis elements of the Xic required for XCI. Furthermore, despite the apparent requirement for Tsix in choice, the relationship between Xist/Tsix and skewing of X inactivation is not well understood.
To explain the skewed XCI detected in mice heterozygous for X chromosomes of divergent backgrounds, Cattanach proposed the presence of the X chromosome controlling element (Xce) (CATTANACH 1970 . The alleles are ordered in their tendency to remain active: Xce a < Xce b < Xce c < Xce d (CATTANACH and WILLIAMS 1972; JOHNSTON and CATTANACH 1981; WEST and CHAPMAN 1978) . In heterozygous Xce a /Xce c mice, for example, the X-inactivation ratio is approximately 0.25, reflecting that ~25% of cells will have an active X chromosome with the Xce a allele and ~75% of the cells will have an active X chromosome with the Xce c allele (PLENGE et al. 2000) . In contrast, in mice homozygous for Xce a /Xce a or Xce c /Xce c where XCI is random, the X-inactivation ratio is ~0.50, reflecting that ~50% of cells will have one X chromosome active and the other ~50% of cells will have the other X chromosome active. It has been proposed that a hypothetical blocking factor, originally proposed to function in counting of X chromosomes, may interact at the Xce locus on the future active X where it blocks X chromosome from inactivation and thereby contributes to choice during XCI (AVNER and HEARD 2001; BROWN and CHANDRA 1973; LYON 1971; PERCEC et al. 2003; RASTAN 1983; RUSSELL and CACHEIRO 1978) . One interpretation of this model is that the Xce is defined by a discrete locus to which a trans-acting blocking factor binds and thereby blocks XCI, and that allelic differences in binding affinity explain the differing activities of the Xce alleles (PERCEC et al. 2003) . It is therefore of great interest to define the X chromosome region responsible for the Xce and the nature of the alleles that determine the Xce effect.
Mapping of Xce was initially performed in mice with an X chromosome recombinant for the Xce a and Xce b alleles. Original studies placed the Xce between the tabby (Ta) and the phosphoglycerate kinase (Pgk-1) genes (CATTANACH et al. 1982; CATTANACH and PAPWORTH 1981; CATTANACH et al. 1970; CATTANACH et al. 1989) . The Xce region was subsequently narrowed to the sequence between Ta and blotchy (Mo blo ) (CATTANACH and PAPWORTH 1981; CATTANACH et al. 1989; SIMMLER et al. 1993 (COURTIER et al. 1995; PLENGE et al. 2000) . We generated male mice recombinant for portions of the 129S1 (Xce a ) and Cast (Xce c ) X chromosomes. We progeny tested these males by mating them to 129S1 females and determining the X chromosome inactivation ratio by measuring allelespecific expression of X-linked genes in female progeny. By comparing X inactivation ratios in females inheriting the recombinant alleles and control females that are heterozygous or homozygous for Xce, we identify multiple X chromosome loci that contribute to the Xce effect. We show that both sequences proximal and distal to and spanning Xist/Tsix affect skewing/choice of XCI. Our results, therefore, indicate that for the 129S1 (Xce a ) and Cast (Xce c ) alleles, "Xce" may be defined by multiple X chromosome strain-specific differences including differences within the Xist/Tsix region.
MATERIALS AND METHODS
Mice: New X chromosome recombinant lines were generated to map Xce (Figure 1 ). Cast breeding pairs are difficult to maintain, we generated mice with a Cast X chromosome (CastX) on an otherwise mixed 129S1/Cast background. 129S1 females were first mated to Cast males and then F1 female progeny were mated to Cast males.
N2 progeny with a Cast X chromosome were identified. The N2 CastX females were then mated to 129S1 males, to isolate additional CastX males. These CastX males (CastXm) were mated to N2 CastX females (CastXf) to maintain the CastX mice. We also saved and progeny tested N2 progeny with a recombinant breakpoint at the very distal ends of the X chromosome (recombinant males 246m and 88m, Figure 2 and Table S1 ).
Recombinant male 246m was Cast at the proximal end of the X chromosome and otherwise 129S1. In female progeny of 246m mated to 129S1 females, Xce should be homozygous. These female progeny were then bred with 129S1 males to progeny test inheritance of recombinant allele from the mother (246f, Figure 2 and Table S1 ). For mapping of the Xce, we used the 129S1, Cast and CastX mice to establish, maintain and progeny test new recombinant lines (see below). We designated the mating schemes to generate recombinant X chromosomes as RX1 and RX2. All animal work was conducted in accordance with the Institutional Animal Care and Use Committee.
RX1 mating scheme: 129S1 females were mated to Cast males. F1 females were mated to Cast or CastX males to isolate males with recombinant X. These males were progeny tested by breeding with 129S1 females and measuring the X inactivation ratio in female progeny. The RX1 female progeny were also bred to 129S1 males to maintain the RX1 allele. The breeding scheme is illustrated in Figure 1 . The RX1 recombinant X chromosomes are summarized in Table S1 . Each name corresponds to the mouse in which the recombinant chromosome was initially identified.
RX2 mating scheme:
The founding double recombinant male was the offspring of a mating between a CastX male and a mixed background female heterozygous for Cast and 129S1. This recombinant male was mated to a Cast X female. Subsequent female progeny were then mated to CastX males and the original X chromosome recombinant was maintained, or new recombinants were identified that mapped near the Xce boundaries identified by Chadwick et al. (CHADWICK et al. 2006) . Recombinant males generated by the RX2 breeding scheme were progeny tested by mating to 129S1 females.
Mice with new and existing recombinant X chromosomes were established or maintained by crossing to CastX mice. The breeding scheme is illustrated in Figure 1 . The RX2 recombinant X chromosomes are summarized in Table S1 . Each name corresponds to the mouse in which the recombinant chromosome was initially identified.
Progeny test breeding: RX1-and RX2-derived male mice were mated to 129S1 females.
Tissues from two to three week old female progeny were collected for measuring the X inactivation ratio, which we previously referred to as the X inactivation pattern (PERCEC et al. 2003; PLENGE et al. 2000) . The X inactivation ratio was calculated as the fraction of RNA expressed from the 129S1 allele relative to the total level of RNA expressed from the 129S1 and Cast alleles for the designated X-linked genes. From progeny of RX1-derived males, tail tips were collected for RNA analysis and ear clips for DNA analysis.
From euthanized progeny of RX2-derived males, toe and ear samples were collected for RNA analysis and toe samples for DNA analysis, as previously described (PERCEC et al.
2003).
RNA isolation: From 2 to 3 week old mice, toe and ear samples or tail samples were collected and stored at -80°C for RNA isolation. Tissues were first pulverized with a pestle in an eppendorf tube on dry ice/ethanol bath and then RNA was isolated using the High Pure RNA Tissue Kit (Roche) as previously described (PERCEC et al. 2003) . Toe and ear (TE) RNAs were eluted in 90 µl of kit elution buffer (EB) and tail (t) RNAs were eluted in 50 µl of EB. RNA concentrations were measured on the NanoDrop (Thermo Scientific). cDNA was synthesized from 500 ng RNA using M-MLV RT (Invitrogen) in a 20-µl reaction as previously described (PERCEC et al. 2003) .
Allele-specific expression assays: The Pctk1 (renamed Cdk16 for cyclin-dependent kinase 16) expression assay was conducted as previously described ((PERCEC et al. 2002) and Figure S1 ). For all other assays, 0.5 µM of each primer and 1 µl of cDNA were added to RubyTaq PCR Master Mix per manufacturer's guidelines (Affymetrix). Allelespecific expression assays for Mecp2, Xist, Hprt, Abc7 (current name Abcb7) and Jarid1c
(current name Kdm5c) were designed. Table S2 provides the sequence and location of primers, SNPs assayed, annealing conditions for PCR reaction and enzyme used to detect the SNP within PCR product. Digested PCR products were resolved on a 12% polyacrylamide gel.
Mecp2 and Xist were used for allele-specific expression in addition to genotyping of recombinant alleles ( Figure S1 ). The Hprt, Abc7 and Jarid1c assays were used for genotyping of recombinant alleles.
DNA isolation and genotyping: DNA was extracted from tail, toe or ear samples of two to three week old mice, as previously described (PERCEC et al. 2002) . Supernatant was stored at -20°C. Genotyping was carried out using X chromosome microsatellite markers and SNPs listed in Tables S1 and S2. (All chromosomal locations are in accordance with the UCSC genome browser July 2007 (NCBI37/mm9) assembly.) We initially genotyped the X chromosome with DXMit53, DXMit62, DXMit18, DXMit64 and DXMit249 map pairs and then fine mapped recombinant alleles as shown in Table S1 . Statistical analysis: Mean and standard deviation of X inactivation ratios were determined and graphically illustrated using Microsoft Excel data analysis tools.
Assuming the null hypothesis, the difference of two means was determined using a twotail t-test assuming unequal variances.
Preserving CastX, RX1 and RX2 lines: We maintained the CastX mice for subsequent studies, but it was not feasible to maintain the RX1 and RX2 mice. We did, however, cryopreserve sperm isolated from many of the RX1 and RX2 mice. Using these sperm, mice with the recombinant RX1 X chromosome can most readily be rederived by intracytoplasmic sperm injection (ICSI) of 129S1 oocytes and mice with the recombinant RX2 X chromosome can most readily be rederived by ICSI of CastX oocytes. In addition,
we have isolated early passage female mouse embryonic fibroblasts (MEFs) from 12.5 to 14.5 dpc embryos from 129S1 females crossed to CastX, RX1 or RX2 males. These
MEFs could be used to derive induced pluripotent stem cell (iPSC) lines that may be used to study initial steps of random XCI, provided iPSC clones become fully reprogrammed and are capable of undergoing random XCI upon differentiation.
RESULTS

Strategy for defining Xce:
To define more precisely the genetic location of Xce, we generated new mouse strains with recombinant X chromosomes. Previous studies have
shown that Xce is linked to Xist/Tsix sequences within or near the Xic (CHADWICK et al. 2006; SIMMLER et al. 1993) . Figure 2A and Table S1 show previously defined Xce candidate regions. However, one study has suggested that X chromosome sequences proximal to the Xist/Tsix region may contribute to the Xce effect (SIMMLER et al. 1993 ).
These studies typically employed mice with a single recombination along the X chromosome to progeny test and define boundaries of the Xce candidate region by QTL analysis (SIMMLER et al. 1993) . Here, we have used mice with Cast (Xce c allele) and 129S1 (Xce a allele) X chromosomes to generate X chromosome alleles with single or double recombination breakpoints. We mapped the breakpoint(s) using microsatellite markers and sequencing. The breakpoint(s) of several of the recombinant X chromosomes coincided with the previously proposed proximal or distal Xce candidate region boundaries (CATTANACH and PAPWORTH 1981; CHADWICK et al. 2006; SIMMLER et al. 1993) . We progeny tested males with the recombinant X chromosomes by mating them to 129S1 females and assessing the X inactivation ratio in female progeny, measuring allele-specific expression analysis of at least one gene on the X chromosome that undergoes XCI. Furthermore, we compared these ratios to X inactivation ratios in progeny of control mice in which Xce is either heterozygous (ratio ~0.25) or homozygous (ratio ~0.50) (PLENGE et al. 2000) .
In summary, we progeny tested numerous males with different recombinant X chromosomes that are described in Figure 2 and testing of several of the recombinants indicate that the Xce is a dispersed element. The most direct evidence that regions proximal to Xist/Tsix contribute to the Xce effect is concluded from the analysis of the 217m, 228m, 6443m, 830m recombinant males. The most direct evidence that regions distal to Xist/Tsix contribute to the Xce effect is concluded from the analysis of the 218m, 800m and 1114m recombinant males.
Establishing mouse lines to map Xce using mice with Xce a and Xce c alleles: Using 129S1 and Cast mice, we generated control and recombinant lines to identify discrete regions along the X chromosome that could define the location of sequences that contribute to the Xce QTL. Specifically, we generated males with single and double recombinant X chromosomes using two mating schemes designated as Recombinant X Chromosome 1 and 2 (RX1 and RX2) ( Figure 1 , see Methods). During the generation of the CastX mice, we also identified mice with breakpoints near the proximal and distal ends of the X chromosome, 246m and 88m, respectively ( Figure 2B and Table S1 ). As described below, the 246m mice were especially useful for control progeny testing, by measuring the X inactivation ratio when Xce is homozygous by descent.
Analysis of control mice:
Multiple factors may affect the X inactivation ratio measurement in addition to the Xce alleles. These include the direction of mating, strain background, tissue chosen for the gene expression measurements, as well as variations detected for a specific gene expression assay (CHADWICK and WILLARD 2005; PERCEC et al. 2002; PLENGE et al. 2000) . We performed a series of control experiments to determine how these factors may affect the outcome of our progeny testing of RX1 and RX2 derived X chromosome recombinant mice. For these experiments we used the previously established Pctk1 assay to measure the X inactivation ratio ((PERCEC et al. 2002) and Figure S1A ). This assay requires that the very proximal end of the X chromosomes is heterozygous for Cast and 129S1, in a region not likely to affect the X inactivation ratio (Figure 2A ), as previously reported (PLENGE et al. 2000) .
For control experiments, we isolated both males (m) and females (f) with designated X chromosomes for progeny testing. Mice with the CastXm, CastXf, 88m, 246m and 246f chromosomes were isolated from 129S1 and Cast breeding ( Figure 2B ). The male 199m
with a CastX chromosome (Table S1 ) was generated from the RX1 breeding scheme. The female 2175f with CastX chromosomes (Table S1 ) was the offspring of a first-generation recombinant female mated to CastX male in the RX2 breeding scheme. For reasons explained below, 199m and 2175f mice were separately progeny tested from CastXm and CastXf, respectively.
For control progeny testing experiments, we mated males with the Cast Pctk1 allele to 129S1 females, mated females with a Cast Pctk1 allele to 129S1 males, and assayed the X inactivation ratio in female progeny from each mating. 3A) , suggesting that the direction of the mating can affect the ratios.
The observation that the ratio is higher when the Cast Pctk1 allele is inherited from the father (246m) than when inherited from the mother (246f) suggests that there still remains some memory of the paternal mark for the imprinted XCI during random XCI [see Lee for review of imprinted and random XCI (LEE 2011)] . Hence, we progeny tested all of the RX1 and RX2 derived mice in one direction: recombinant males crossed to 129S1 females. For all analyses we compared X inactivation ratios to the heterozygous Xce (CastXm) and, when possible, to Xce homozygous (246m) offspring.
Progeny testing of recombinant males derived from RX1 scheme indicates that sequences proximal and distal to Xist/Tsix affect the X inactivation ratio: The RX1 breeding scheme produced male mice with five different recombinant X chromosome breakpoints (Figures 1 and 2C and Table S1 ). Genotyping revealed that four lines were the result of a single recombination and one line (218m) was the consequence of a double recombination event between the Cast and 129S1 chromosomes. To progeny test RX1-derived mice, recombinant males were mated to 129S1 females and the X inactivation ratio was determined in female progeny. For each of these five recombinants several mice (from the same or multiple generations) were generally progeny tested. We did not observe differences in X inactivation ratios in progeny from males from different generations with the same X chromosome (data not shown). The same was true for RX2 mice (below). Therefore, we combined all of the measurements for mice with the same recombinant X chromosome.
Two of the RX1-derived chromosomes (109m and 217m) were Cast at Pctk1, thus enabling us to use Pctk1 to measure X inactivation ratios in female progeny. The recombination site of the 109m chromosome coincides with the proximal boundary for the Xce candidate region proposed by Simmler et al. (SIMMLER et al. 1993 ) (Xce1 in Figure 2A , Table S1 ). The recombination site of the 217m allele coincides with the Xce candidate region boundary determined by Chadwick et al. (Xce2 in Figure 2A and Table   S1 ) (CHADWICK et al. 2006) . The mean X inactivation ratios measured in both 109m (ratio=0.39; S.D.=0.113) and 217m (ratio=0.44; S.D.=0.117) progeny were significantly greater than the X inactivation ratio measured in the offspring from the CastXm control mating (ratio=0.24; S.D.=0.054; P<10 -7 ) ( Figure 2C and 3B). The loss of skewing in XCI indicated that Xce was homozygous in 109m and 217m progeny. However, the X inactivation ratios in the 109m and 217m offspring were significantly less than in the progeny of 246m control mice (ratio=0.50; S.D.=0.054; P<0.02) ( Figure 2C and 3B), indicating that the Xce was not entirely homozygous in both the 109m or 217m progeny.
This was surprising since the proposed Xce candidate regions Xce1 and Xce2 ( Figure 2A and Table S1 ) were homozygous for 129S1 in the 109m and 217m progeny, respectively.
The other RX1-derived recombinant males were also of great interest because the 78m and 218m X chromosome breakpoints coincided with an Xce1 and Xce2 boundary, respectively, and the 228m breakpoint was within the Xce2 candidate interval, just proximal to Xist/Tsix ( Figure 2C and Table S1 ). Because mice with these X chromosomes were 129S1 at Pctk1, we could not measure the X inactivation ratio by the Pctk1 assay.
We therefore established allele-specific expression assays at Mecp2 and Xist ( Figure S1B and S1C). The mean X inactivation ratios as measured by Xist in the progeny of mice with the 78m ( Figures 2C and 4) . These results indicate that sequences proximal to the 228m X chromosome breakpoint and distal to the 218m X chromosome breakpoint are contributing to the Xce effect.
Progeny testing of recombinant males derived from the RX2 scheme confirms that sequences proximal and distal to Xist/Tsix affect the X inactivation ratio. The RX2 breeding scheme was used to establish and progeny test mice with eleven different recombinant X chromosomes (Figures 1 and 2D and Table S1 ). Many of these lines had recombination sites that coincided with or were within the Xce1 and Xce2 candidate intervals ( Figure 2 and Table S1 ). RX2 males were mated with 129S1 females and the X inactivation ratio was measured in female progeny, typically scoring offspring from more than one mouse. All recombinant X chromosomes in progeny tested mice were Cast at Pctk1, and therefore the X inactivation ratios of progeny were compared to that of Xce heterozygous control (CastXm) progeny and Xce homozygous control (246m) progeny.
Only in progeny inheriting the 183m (ratio=0.26; S.D.=0.066) X chromosome was the X inactivation ratio similar to that measured in CastXm progeny (P=0.35), suggesting therefore that Xce is heterozygous in such mice ( Figures 2D and 3C ). Thus our analysis of the 183m allele supported the analysis of RX1-derived 78m offspring showing that sequences proximal to the Xce1 boundary were not affecting the Xce QTL (Figure 2 ).
The X inactivation ratio as measured by Pctk1 in the progeny of ten of the RX2 lines (mean ratios ranges from 0.30 to 0.45) was significantly greater (i.e. less skewed) than that measured in CastXm control progeny (P values ranged from 0.012 to 10 -12 ), which are heterozygous for Xce ( Figures 2D and 3C and 4) ). This indicated that in the progeny of these RX2-derived mice, the Xce was at least partly homozygous. Because Xist/Tsix sequences were heterozygous in many of the progeny (6443m (ratio=0.33; S.D.=0.064), 830m (ratio=0.35; S.D.=0.063), 800m (ratio=0.31; S.D.=0.074) and 1114m (ratio=0.30; S.D.=0.044) in Figure 2D and Table S1 ), these results support the analysis of the RX1-derived 228m and 218m chromosomes, suggesting that sequences both proximal and distal to Xist/Tsix contribute to the Xce effect. The mean X inactivation ratios in progeny tended to be higher when sequences spanning Xist/Tsix were homozygous (137m The X inactivation ratio in progeny of all eleven RX2-derived lines was also significantly smaller than the ratios of the 246m control progeny (P value ranged from 0.031 to 10 -12 ), which are homozygous for Xce (Figures 2D and 3C ). These results indicate that sequences that remain heterozygous in the progeny are contributing to the Xce QTL. This is difficult to explain in the context of the 137m progeny testing results and, as discussed above, the RX1 109m progeny testing results. Previous mapping studies of the Xce SIMMLER et al. 1993) and Figure 2A ) indicate that 137m and 109m progeny should be entirely homozygous for Xce and that XCI should, therefore, be random (~50:50). Our results suggest that elements outside of the originally mapped Xce candidate interval are somehow contributing to skewed XCI in mice with 129S1 and Cast X chromosomes.
DISCUSSION
The Xce has been defined as an X chromosome locus that influences the randomness of XCI in female mice (CATTANACH 1975; CATTANACH and WILLIAMS 1972) , scored originally as a QTL by vibrissae counts and coat color variegation and more recently by direct measurements of X-linked allele-specific gene expression. We set out to map the Xce in mice heterozygous for the 129S1 Xce a allele and the Cast Xce c allele. Two breeding schemes (RX1 and RX2, see Figure 1 ) produced mice with single and double recombinant X chromosomes, which were subsequently used in test crosses to map the Xce QTL. We compared the X inactivation ratio to control progeny in which the entire X was either nearly completely heterozygous for the 129S1 and Cast X chromosomes (thus heterozygous for Xce a and Xce c ; skewed ratio ~0.25) or nearly completely homozygous for the 129S1 X chromosome (homozygous for Xce a ; ratio ~0.50). To our surprise, we identified multiple regions on the X chromosome that influence the randomness of XCI in female mice, including a region proximal to and another distal to Xist/Tsix (6443m, 830m, 800m and 1114m in Figures 2D and 3C and Figure 5 ). Our data, however, indicate that sequences spanning Xist/Tsix also contribute to the Xce effect because X inactivation ratios tended to be higher (that is, XCI showed more extreme skewing) when sequences including Xist/Tsix were homozygous for 129S1 ( Figures 2D and 3C ). As we found multiple regions that affected the X inactivation ratio, we conclude that no single discrete region defines the full Xce QTL. 
Xist.
Some of our recombinant lines (RX1 228m and RX2 6443m and 830m, Figure 2 ) also suggested that Xce lies proximal to Xist and distal to Eda (Table S1 and Figure 5A ).
However, using allele-specific expression as a measure of the X inactivation ratio, we were also able to detect gradations indicating that (1) the Xce QTL is not an all or none effect and (2) sequences spanning Xist/Tsix seem to contribute to the Xce effect [e.g., ratios tended to be higher in 3695m compared to 6443m progeny and higher in 6570m compared to 830m progeny ( Figures 2D and 3C) ]. Our data also indicate that sequences distal to Xist can affect the X inactivation ratio and therefore contribute to the Xce effect.
As we discuss below, there are multiple candidates within this region that may contribute to the Xce QTL ( Figure 5A ).
Is there a discrepancy between the Simmler et al. study (SIMMLER et al. 1993 ) and our mapping data? Not necessarily. The difference in results might be explained by the different Xce alleles that were used for each mapping study ((CATTANACH and WILLIAMS 1972; CHADWICK et al. 2006; SIMMLER et al. 1993) and Figure 5B. 
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). This Xce candidate interval was, however, contiguous with part of the interval mapped by Simmler et al. (SIMMLER et al. 1993) and therefore mostly validates the region proximal to Xist/Tsix as including the Xce ( Figure 5A ). Thus the present study is first to show that there may be more than one X chromosome region that contributes to Xist expression (CHUREAU et al. 2011; JONKERS et al. 2009; PONTIER and GRIBNAU 2011; TIAN et al. 2010 ) ( Figure 5A ). SNPs in any of these genes may contribute to the loss of skewing observed in progeny of the RX2-derived male 1114m. Proximal to Xist, there are multiple genes within the overlapping candidate Xce region identified by Simmler et al.
and Chadwick et al. and our RX2-derived 830m X chromosome ( Figure 5A ) (CHADWICK et al. 2006; SIMMLER et al. 1993) . The distal recombination breakpoint for RX2-derived male 830m (and 3695m) lies between DXPas28 and Exon 4 of Tsx (Tables S1 and S2), therefore Xite can be excluded but Tsx may still be part of this Xce candidate region. This is interesting because Tsx is reported to affect Tsix expression (ANGUERA et al. 2011) . In addition, the expression and transgenic analysis of the non-coding gene Linx, which is within the 830m X chromosome distal recombination breakpoint, suggests that Linx expression affects XCI choice and therefore Linx may also be a candidate for the Xce QTL ( Figure 5A ) (NORA et al. 2012) .
We observed an unanticipated trend when comparing the X inactivation ratios in the progeny from RX1-derived males 109m (ratio=0.39) and 217m (ratio=0.44) and the X inactivation ratios in the progeny of RX2-derived males 2173m (ratio=0.36) and 3695m (ratio=0.40) (Figure 2 and 3) . In the progeny of 109m and 2173m males, a longer region was homozygous for 129S1 proximal to Xist, than in the progeny of 217m and 3695m males. We therefore expected to measure higher X inactivation rations in progeny of 109m and 2173m relative to ratios measured in progeny of 217m and 3695m males, respectively. We observed the opposite trend. Although not anticipated, this is consistent with Xce being a QTL defined by multiple X-linked loci. Our results could be explained by an Xce locus that promotes preferential XCI of the Cast allele rather than the 129S1 allele ( Figure 5B(3) ). Closely linked loci may have opposite effects as was reported for QTLs on chromosome 2 that affect body weight (MOLLAH and ISHIKAWA 2011) . We cannot rule out that this trend is due to background effects in the RX1-and RX2-derived mice but because we observed this trend in both RX1-and RX2-derived mice, which were generated and maintained in different backgrounds (Figure 1 ), an X-linked locus may best explain our observation. Thus, to define and characterize X-linked sequences that define the Xce QTL, each candidate locus needs to be tested independently.
Finally there are numerous models to consider to explain how and when Xce alleles function. Binding of a blocking factor to a unique entity on the future active X chromosome has long been proposed to contribute to choice in XCI (BROWN and CHANDRA 1973; LYON 1971; RASTAN 1983; RUSSELL and CACHEIRO 1978) . Under this model, skewed XCI would result from the preferential binding of the blocking factor to one or the other Xce allele (PERCEC et al. 2003) . Hence, "strong" Xce alleles are preferentially associated with the future active X chromosome and "weak" Xce alleles are preferentially associated with the future inactive X chromosome. A simple model for skewed XCI in which a blocking factor binds to a unique Xce element, however, is not supported by our Xce mapping study of Xce a 129S1 and Xce c Cast X chromosomes. This model may need to be broadened to consider multiple binding sites that could act additively or synergistically to influence the choice of one or the other X for X inactivation. Another possibility is that Xce alleles contribute to the stochastic process MONKHORST et al. 2008) , when X-chromosome pairing that occurs at the beginning stages of XCI (BACHER et al. 2006; XU et al. 2006) or even during the short time after XCI is initiated when XCI is reversible (WUTZ and JAENISCH 2000) .
In conclusion, we demonstrate that X chromosome regions proximal to, including and distal to Xist/Tsix contribute to the choice in XCI in mice with Xce a 129S1 and Xce c Cast X chromosomes, consistent with Xce being a QTL. In these mice, XCI is highly skewed with preferential inactivation of the Xce a 129S1 X chromosome. In contrast, Xce mapping using mice with closer relately Xce a and Xce b X chromosomes, in which XCI is less skewed with preferential inactivation of the Xce a , led to mapping of Xce to a region proximal Xist/Tsix (CATTANACH and WILLIAMS 1972; SIMMLER et al. 1993) . This is consistent with the proposal that "only one locus is involved" in Xce if Xce acts upon the XCI process versus cell selection (CATTANACH and WILLIAMS 1972) . With the recent identification of numerous X-linked genes and genetic elements that contribute to the XCI process and uncovering the stochastic nature of this process (CHUREAU et al. 2011; JONKERS et al. 2009; MONKHORST et al. 2008; NORA et al. 2012; PONTIER and GRIBNAU WUTZ, A., 2011 Gene silencing in X-chromosome inactivation: advances in understanding facultative heterochromatin formation. Nature reviews. Genetics (black and cross-hatched bar beneath X chromosome, (SIMMLER et al. 1993) ) and Xce2
(black bar beneath X chromosome, (CHADWICK et al. 2006) (CATTANACH and WILLIAMS 1972; SIMMLER et al. 1993) .
Chromosomal boundaries of Xce1, Xce2 and recombinant chromosomes analyzed below are in Table 1 . Forward and reverse arrowheads indicate orientation and location of Tsix and Xist, respectively. Genes that were used to measure the X inactivation ratio are also indicated. (B) Schematic of control chromosomes that were progeny tested. Here and below, light gray indicates Cast DNA and dark gray indicates 129S1 DNA. "m" and "f" noted after a number indicates a male or female was progeny tested, respectively.
Recombinant alleles 246m and 88m were isolated during the establishment of CastX mice and 246f was derived from mating the 246m male to a 129S1 female. Female offspring from the CastXm control cross are heterozygous at the Xce whereas female progeny from the 246m control cross are homozogous at the Xce. Note that offspring from both crosses are heterozygous at Pctk1, which is used for the phenotyping (the X inactivation ratio) of Xce. Males (CastXm, 88m and 246m) were progeny tested by mating with 129S1 females. Females (CastXf and 246f) were progeny tested by mating with 129S1 males. The mean X inactivation ratio in female progeny using designated assay is reported to the right (Pctk1 and Mecp2 ratios = % expression from Cast allele;
Xist ratios= % expression from 129S1 allele). The ratios were compared to ratios in progeny of control males (CastXm and 246m) and P values (P) of the ratio comparison are also shown to the right. (C) RX1 and (D) RX2 derived recombinant X chromosomes.
All males were progeny tested by mating with 129S1 females. As described in (B), the mean X inactivation ratio(s) and significance (P) are reported to the right. When the ratio differs (P < 0.05) from the CastXm progeny ratio, this indicates that Xce of the RX1/RX2 recombinant allele is no longer fully heterozygous (i.e. there is 129S1 sequence in the Xce region on the RX1/RX2 recombinant chromosome). When the X inactivation ratio differs from the 246m progeny ratio (homozygous Xce), this indicates that Xce regions are within the Cast sequence of the RX1 or RX2 derived alleles (i.e. Xce is at least partially heterozygous). In the allele designation to the left, the labels in parenthesis refer to the grandparental allele. that overlaps region mapped by Simmler et al. and Chadwick et al. (CHADWICK et al. 2006; SIMMLER et al. 1993) . (See RX2 chromosomes and Xce1 and Xce2 in Table S1 183m (137m) 3695m (2173m) 6443m (3695m) 2181m (137m) 5005m (2181m) 6570m (5005m) 830m (6570m) 800m (137m) 1114m ( 
